Reverse genetics aims to identify the function of a gene with known sequence by phenotypic analysis of cells or organisms in which the function of this gene is impaired. Commonly used strategies for reverse genetics encompass transposon mutagenesis (Tissier et al., 1999) and RNA-mediated gene silencing or RNA interference (Voinnet, 2002) . We adopted a complementary strategy to set up a reverse genetics tool for the legume Lotus japonicus that identifies individuals carrying point mutations in any gene of interest within a large population of ethyl methanesulfonate (EMS)-mutagenized M 2 plants. This strategy was first described by McCallum et al. (2000a,b) using the acronym TILLING (Targeted Induced Local Lesions in Genomes). The target sequence is PCR amplified from pooled M 2 individuals. DNA with point mutations are detected by melting and reannealing of the PCR products. This results in the formation of heteroduplex DNA in which one strand originates from the mutant and the other from the wild-type PCR product. A mismatch occurs at the site of the point mutation, which can be detected using mismatch-specific endonucleases such as CEL I from celery (Apium graveolens; Yang et al., 2000) . This enzyme recognizes mismatches in heteroduplex DNA and cleaves DNA specifically at the mismatched site. The cleavage products can be separated by gel electrophoresis, typically sequencing-type denaturing PAGE. This method of mismatch detection is amenable to pooling strategies. In the Arabidopsis TILLING facility, DNA of eight M 2 plants is mixed to form a pool (Colbert et al., 2001) . At this pool size, a population of 768 individuals can be screened by PCR in a 96-well microtiter plate, and run on one 96-well gel, each well representing eight individuals. Individuals from pools yielding cleavage products are then PCR amplified individually to identify the mutation bearing plant, progeny of which will segregate the mutation of interest.
Although a high-throughput TILLING facility has been successfully established for Arabidopsis (Colbert et al., 2001) , several aspects of plant biology cannot be studied in this model plant; for example, root symbiosis with rhizobia and arbuscular mycorrhiza fungi, compound leaf development, aspects of flower development, and perenniality. We chose the model legume L. japonicus (Handberg and Stougaard, 1992) to establish a legume reverse genetics tool. The genome of this plant is subject of a sequencing project (VandenBosch and Stacey, 2003) .
One problem associated with EMS mutagenesis is the high frequency of infertile plants not only in the M 1 but also in subsequent generations. Our aim was to assemble a general TILLING population that would ideally be composed of fertile individuals only, so that progeny of a plant carrying a mutant allele can be directly recovered. A general TILLING population of 3,697 independent M 2 plants was established biased against the occurrence of severe developmental phenotypes to maximize M 3 seed availability (Fig. 1) . DNA was prepared in 96-well microtiter plate format and seed from each individual was collected.
A specific advantage of EMS mutagenesis is that a series of allelic mutations can be obtained, displaying a range of phenotypes that can serve as the basis of detailed structure function studies. This also has the potential to recover weak alleles with subtle changes in functionality of genes that would be lethal when more strongly affected. However, the recovery of strongly affected or knockout alleles will often be the primary interest in species for which no insertional knockout mutagenesis tool is established. To enrich for plants bearing functionally impaired mutant alleles of genes involved in a variety of developmental and metabolic processes, we scored approximately 45,600 M 2 progeny of 4,190 EMS-mutagenized M 1 plants, and isolated mutants affected in metabolism, morphology, and the root nodule symbiosis (Figs. 1 and 2; Table I ). A database comprising information on individual mutant plants including photographs where appropriate is accessible at http://www. lotusjaponicus.org/finder.htm. This allows for the assembly of trait-specific or theme-based TILLING populations enriched for mutants affected in a particular developmental process.
A pilot experiment was performed in which the SYMRK gene was subjected to the TILLING procedure (Fig. 3) . The SYMRK gene is required for the formation of root symbioses by L. japonicus, and pre- (a) , and mutants with either no nodules, or small white nodules as well as plants with a reduced or increased nodule number (supernodulating mutants) were isolated. 1428 M2 families (17,100 plants) were screened for starch biosynthesis and breakdown (see supplementary materials) (b) . The numbers recorded represent characters scored on individual plants and thus may be sibling aggregates. Furthermore, a single plant may be altered in more than one character and will be recorded in more than one section. A database comprising all the mutant information including photographs can be found at http://www. Dependent on availability, up to 30 seeds were sown per M 2 family, and the resulting total of 45,600 plants were inoculated after 2 weeks with M. loti and scored after a total of 6 weeks for the development of symbiotic nitrogen-fixing root nodules, and screened for other developmental defects (Table I) . A single healthy-looking plant was chosen for the general TILLING population and designated with the number SL n-1, where n is a sequential number representing the family, whereas the number behind the dash identifies the sibling. All interesting mutants identified in a family were recorded and designated with consecutive sibling numbers (SL n-2, n-3, etc.) and seed harvested individually. Seed from all remaining plants was collected in bulk so that each seed pack contained seeds from only one family. This seed was collected for the purpose of future forward screens and as a backup for the isolation of mutant alleles known to segregate in a particular family, in case the phenotypically interesting M 2 mutants were infertile. viously identified mutations lead to a nonnodulating phenotype (Stracke et al., 2002) . The genomic sequence of SYMRK from start to stop codon extends over 5,472 kb, but the maximum length of PCR products that can be conveniently resolved by sequencing-type PAGE is just over 1 kb. Therefore, we used the program CODDLE (Codons Optimized to Discover Deleterious Lesions; http:// www.proweb.org/input/) to identify a region within the SYMRK gene that would have the highest likelihood to be functionally affected by EMS mutagenesis. EMS induces mostly G/C to A/T transitions (Anderson, 1995) , and CODDLE uses this information to predict the EMS-induced changes in a coding sequence, and plots the probability of missense and nonsense mutations along the coding sequence (Fig.  3) . Second, the program searches the predicted protein sequence under study for the occurrence of conserved amino acid sequence blocks, with the idea that changes in such conserved regions are less likely to be functionally neutral. Figure 3 shows part of a CODDLE output for the SYMRK gene. We confined the screen for mutant alleles to the region encoding the protein kinase domain. Primers for three overlapping PCR amplicons spanning the entire kinase domain were designed (Figs. 3 and 4) using CODDLE in combination with the PRIMER3 program (Rozen and Skaletsky, 2000) as set up on the CODDLE Web page (http://www.proweb. org/input/). A population of 117 non-nodulating plants from 75 families, 135 plants from 112 families carrying few or small or white nodules, and 23 plants from 21 families with abnormalities in root development were inspected for the occurrence of point mutations in the SYMRK kinase domain. Thirteen symbiosis-defective mutants that were isolated in an independent mutagenesis program in other laboratories were included as reference. Two of these (EMS34 and EMS61) had been assigned previously to the SYMRK (Ljsym2) complementation group (Szczyglowski et al., 1998; Stracke et al., 2002) . These 288 mutants were screened at a pool size of three individuals per pool. In this preselected population, 15 homozygous mutants representing six different alleles were identified that carried missense mutations. Furthermore, a mutation in plant SL391-2 in the splice acceptor site of the 11th intron was found that is likely to affect splicing (Table II) . The nonsense mutation in EMS61 published previously (Stracke et al., 2002) served as an internal reference control. All of these mutations were detected in individuals that did not produce root nodules upon inoculation with Mesorhizobium loti.
An M 1 plant EMS treated at the embryo stage represents a mosaic of differentially mutagenized cells. Because more than one cell of the embryo gives rise to the germ line, less than 75% of the M 2 progeny are expected to segregate a particular mutant allele. Only one (SL1951) of the six novel mutant alleles was represented in a heterozygous state in the nodulating sibling of the general TILLING population.
The high number of functionally affected mutant alleles in the preselected mutants shows that, depending on the purpose of the resource, it might be advisable to include a phenotypic screen for the trait The CODDLE program was used to identify regions of the SYMRK gene in which G/C to A/T transitions are most likely to result in deleterious effects. Each point on the plot is the sum of scores calculated for a 500-bp window centered at that residue. A residue susceptible to a nonsense change scored ϩ6, to a missense change scored 0, to a silent change scored Ϫ1, and to a splice junction scored ϩ4 (McCallum et al., 2000b;  http://www.proweb.org/glossary.html). B, Three amplicons (primer combination [forward and reverse[: 1, 25019 and 25027; 2, 25012 and 25013; and 3, 25020 and 25028) chosen to cover the protein kinase region. C, Sequence of the region covered by the amplicons 1, 2, and 3, delimited by dashed lines in A. The positions and family identifier of mutations are indicated by vertical arrows. In all identified mutants, a G residue was mutated to an A, which is consistent with the predominant G/C to A/T transitions induced by EMS (Anderson, 1995) . Primer positions and orientations are indicated by horizontal arrows. Forward primers 25019 GCACACAT-GCTATGATCCAGA, 25012 TCAGAGCAT-CAAAATTCCCAAGAAACC, and 25020 GAC-TACAGGGGAACCTGCAA were labeled with 6-carboxyfluorescein (6-FAM). Reverse primers 25027 GCACACATGCTATGATCCAGA, 25013 TGCATGTTTGTTTGGAAATCCTTCTACA, and 25028 GCCTGCATGCGAAGTTATTT were labeled with 4,7,2Ј,7Ј-tetrachloro-6-carboxyfluorescein (TET). and reverse primer labeled with TET (right image) shows cleavage products of 300, 363, 628, and 691 bp, respectively. For clarity, the insets show schematic diagrams of the cleavage products observed in the original gels. The numbered lanes 1 to 6 correspond to six different 3x pools containing the following mutants (Table II) : pool 1, SL1951-4; pool 2, SL1951-5; pool 3, SL1951-6 and SL160-4; pool 4, SL1951-7 and SL160-5; pool 5, SL160-6; and pool 6, SL1951-2 and SL160-3. B, Fluorescent traces of six individual lanes representing the pools above from the gel shown in A. The traces on the left show the scan for 6-FAM, which labels the top strand. Cleaved (300 and 363 bp) and non-cleaved (991 bp) products were detected, and fragment length could be estimated due to the inclusion of size standards (not shown). The right traces represent the scan for TET, which labels the bottom strand. Cleaved (628 and 691 bp) and non-cleaved products (991 bp) were detected. The CEL I assay was essentially performed as described by Colbert et al. (2001) , but PCR was carried out in the absence of unlabeled primer. Instead of Sephadex filtration, reaction products were precipitated with ethanol and separated by PAGE using an ABI 377 sequencer.
